Abstract. European settlement of New England brought about a novel disturbance regime that impacted rivers and estuaries through overfishing, deforestation, dams, and water pollution. The negative consequences of these activities intensified with industrialization in the 19th and 20th centuries, often resulting in ecosystem degradation. Since environmental legislation was implemented in the 1970s, improvement in water quality has been tangible and widespread; however, ecological recovery can require substantial amounts of time and may never be complete. To document the natural baseline conditions and investigate the recovery of a severely degraded river-estuary complex in mid-coast Maine, we examined diatoms, pollen, total organic carbon, total nitrogen, stable isotopes, total phosphorus, biogenic silica, and trace metals in intertidal sediments and established a chronology with 14 C, 210 Pb, and indicator pollen horizons. Both climate variability and human effects were evident in the sedimentary record of Merrymeeting Bay, the freshwater tidal portion of the Kennebec estuary. Natural climate variability was apparent in an episode of high sedimentation and altered diatom abundance during the 12th and 13th centuries and in changing pollen abundances between the 16th and 19th centuries, indicative of regional cooling. During the 18th century, colonial land clearance began an era of high sedimentation and eutrophication that strongly intensified with industrialization during the late 19th and 20th centuries. Improvements in water quality over the past 30 years in response to environmental regulation had little effect on ecosystem recovery as represented by the sedimentary record. Diatom composition and productivity and high fluxes of organic C, total P, and biogenic Si in recent sediments indicate that rates of nutrient loading remain high. These environmental proxies imply that aquatic productivity in Merrymeeting Bay was originally nutrient limited and water clarity high, relative to today. Further recovery may require more stringent regulation of nutrient inputs from industrial and municipal point sources. This historical study can contribute to public debate about the environmental management of this unusual riverestuary complex by describing its long-term natural baseline, thereby illustrating the upper limit of its potential for recovery.
INTRODUCTION
European settlement of the Atlantic coast of North America brought about a novel disturbance regime that was widespread and prolonged ). Overharvest of wild populations, deforestation, agriculture, and raw industrial and municipal pollution altered terrestrial and aquatic ecosystems (Foster et al. 2003, Lotze and Milewski 2004) . Because rivers provided a means of transportation, abundant natural resources, and waterpower, key locations at waterfalls and headsof-tide developed into early industrial centers (Wells 1869) . By the mid-20th century, the cumulative effects of a century and a half of commercial, municipal, and industrial growth resulted in severe degradation of several major ''industrial'' rivers in New England (Walker 1931 , Steinberg 1991 . Although the egregious pollution of the 19th and 20th centuries has abated, rivers and estuaries continue to receive excess nutrients from paper mills, wastewater treatment facilities, runoff, and atmospheric deposition (Roman et al. 2000) . Numerous dams still alter the flow regime of rivers and prevent anadromous fish from reaching their spawning habitat (Poff et al. 1997) , and trophic web structure has been altered by species loss and vastly reduced population sizes (Jackson et al. 2001, Lotze and Milewski 2004) .
In coastal Maine, the Kennebec and Androscoggin Rivers played important roles during European settlement and later industrialization of the mid-coast region (Fig. 1) . In 1753, the first dam spanning the Androscoggin at Brunswick-Topsham was constructed to power sawmills (Wheeler and Wheeler 1878) . Tanneries, baseline'' syndrome described by Pauly (1995) . In the case of Maine's rivers and estuaries, public and institutional memory does not extend back in time far enough to understand and value the true potential of a degraded ecosystem, only far enough to recognize improvement over the appalling conditions of the middle 20th century. As such, a shifting baseline lowers expectations for recovery. Historical ecology can inform public debate about environmental policy by documenting the long-term natural baseline and in so doing, illustrate the upper endpoint of the potential for ecosystem recovery. In the case of coastal eutrophication, understanding the potential for clean water, restored aquatic habitat, and increased secondary production can contribute to public debate about the benefits and costs of environmental regulation by illustrating the potential opportunity cost of failing to reduce nutrient inputs with the best available technologies. This may be especially relevant for Maine, where tourism and recreation are vital economic activities that would benefit from restoration of coastal ecosystems.
To document natural baseline conditions and ecosystem response to the Clean Water Act of 1972 for a riverestuary complex in coastal Maine, we reconstructed an environmental history of Merrymeeting Bay based on diatom, pollen, stratigraphic, and chemical records preserved in intertidal sediments. Merrymeeting Bay is the freshwater tidal portion of the Kennebec estuary and receives water from the Kennebec and Androscoggin Rivers as well as four minor rivers (Fig. 1) . Our objectives were to (1) determine baseline conditions associated with natural climatic variability, (2) investigate the effects of European settlement and industrial- ization within the watershed, and (3) examine ecosystem response to environmental regulation in the late 20th century. This historical study increases our understanding of the causes and consequences of coastal eutrophication in Maine, and contributes to ongoing discussion of the benefits and costs of environmental regulation.
STUDY REGION
Merrymeeting Bay is formed by the confluence of the Kennebec, Androscoggin, Cathance, Abbagadasett, Muddy, and Eastern rivers, 30 km inland from the Atlantic coast of Maine (Fig. 1) . Water draining onefourth of the area of Maine and part of New Hampshire (24 755 km 2 ) exits Merrymeeting Bay into the lower Kennebec estuary through a narrow (215-m wide) channel called ''the Chops.'' The substantial river flow through this narrow channel and a series of underwater sills constrain the upstream mixing of seawater into Merrymeeting Bay (Wong and Townsend 1999, Kistner and Pettigrew 2001) . Although elevated salinities occur seasonally during periods of low river flow, salinity values generally range below the 5 g/L threshold that distinguishes freshwater from brackish water ecosystems (Odum et al. 1984) . The Kennebec estuary is a drowned river valley typical of New England estuaries. Tides range up to 3.5 m at the mouth of the Kennebec but attenuate to ;1.8 m at the Chops. Wild rice (Zizanea aquatica) and other freshwater emergents dominate expansive tidal marshes in Merrymeeting Bay and provide forage for migratory waterfowl. Historically, Merrymeeting Bay also provided important spawning and nursery habitat for several species of anadromous fish. Until the early 19th century, the Kennebec was famous for its spawning runs of Atlantic salmon (Salmo salar) and hosted prolific spawning runs of alewive (Alosa pseudoharengus), American shad (Alosa sapidissima), blue-back herring (Alosa aestivalis), and striped bass (Morona saxatalis; Foster and Atkins 1869).
Although Europeans first settled in the region during the early 17th century, the harsh physical environment and recurrent wars with the native Abenaki limited immigration and population growth (Ghere 1995 , Bourque 2001 . The nearby towns of Brunswick, Topsham, Woolwich, Cork (later Dresden), Richmond, and Bowdoinham were being settled by 1717 (McKeen 1853 , Wheeler and Wheeler 1878 , Allen 1931 ; and by 1760, the area surrounding Merrymeeting Bay was a mixture of farms, houses, and forests (Allen 1931) . By 1800, Brunswick and Topsham were industrial centers, as was Augusta on the upstream Kennebec (Wheeler and Wheeler 1878, North 1870) . Sawmills loaded the rivers with sawdust, textile mills discharged fibers and dyes, and foundries dispersed trace metals. The most destructive sources of pollution were the pulp and paper mills. The sulfite pulp process in use between 1880 and the 1960s discharged tons of lignosulphonic acid (Sutermeister 1941) weekly into both the Kennebec and Androscoggin rivers (Water Improvement Commission 1960 , 1966 , Lawrence 1967 . The rivers became anoxic as bacteria metabolized the organic matter stimulating anaerobic bacteria to reduce the sulfite wastes to H 2 S. As early as 1893, the Androscoggin had a reputation for being polluted (Owen 1936) . By the 1940s, the river achieved infamy as H 2 S emanating from its waters blackened the paint on nearby buildings and the distinctive rotten egg odor could be smelled miles away (Chase 1949) . As a remedy for the odor, 6694 tons of CaNO 3 were dumped into the river upstream of the Lewiston-Auburn between 1948 and 1960 (Lawrance 1967 . Denitrifying bacteria made use of the NO 3 as an electron acceptor, outcompeting the sulfate-reducing bacteria and effectively halting H 2 S production. Although this quick fix made the river less obnoxious, it probably magnified downstream eutrophication. Widespread fish kills occurred in 1947 , 1957 , 1963 , 1965 , and 1973 (Water Improvement Commission 1960 , 1966 , Maine Department of Environmental Protection 1971 . With the installation and operation of primary treatment facilities at several towns and at the pulp and paper mills, seasonal anoxia subsided and water quality improved (Lichter et al. 2006) . Today, the Kennebec is rated a class B river (i.e., dissolved oxygen !7 mg/L and Escherichia coli mean counts ,64/100 mL), whereas the Androscoggin is rated a class C river (i.e., dissolved oxygen !5 mg/L and Escherichia coli mean counts ,142/100 mL).
METHODS

Sedimentary record and analyses
To reconstruct an environmental history, we collected two cores of intertidal sediments at each of two sites in Merrymeeting Bay. The first coring site was near the mouth of the Abagadasset River in an area known locally as ''The Sands'' (Fig. 1) . The Sands is a deltaic structure formed by upriver sediment transport driven by strong flood tides. It was noted as an area of shallow water in the 17th century prior to widespread land clearance (Wheeler and Wheeler 1878) . Examination of a series of aerial photographs dating back to 1953 indicates that neither the Abagadasset River channel nor any connecting tidal channels have migrated laterally across the core location over this time period. The second coring site, Butler Cove, is a small embayment lacking stream or tidal channels (Fig. 1) . Both coring sites are dominated by wild rice (Zizanea aquatica) and consist of sandy sediments with organic matter percentages ranging between 5 and 10 percent. We vibrated a 7.6 cm diameter aluminum tube into the intertidal sediments to a depth of 1 m, plugged the top, and retrieved each core with a hand jack. Visible stratigraphy was recorded and cores were sectioned into 1-cm slices and stored at 48C.
A chronology was established for each site using 14 210 Po with alpha spectrometry assuming secular equilibrium between the two isotopes (Flynn 1968) . 210 Pb ages were estimated assuming a constant rate of supply of 210 Pb to the sediments (Binford 1990 ). The 137 Cs peak identified sediments deposited in [1963] [1964] , the period of maximum activity of atmospheric nuclear weapon testing (Milan et al. 1995) .
Diatom analysis was carried out in 4-cm steps on one of the Abagadasset River cores (i.e., Abby-1). To prepare the samples, 1 cm 3 of sediment was treated overnight with 25 mL of a 50:50 solution of H 2 SO 4 and HNO 3 and then digested for three hours at 908C. Samples were washed in several steps with deionized water and allowed to settle for 24 hours between washings. This procedure was repeated until the sample was neutralized. To remove sand, samples were mixed and allowed to settle for 10 seconds; the decanted solution was used for diatom counting. A known concentration of microspheres was added to each sample solution, and 750 lL was dried on a cover glass and mounted in Naphrax (a synthetic resin dissolved in toluene) on microscope slides. A minimum of 500 diatom valves was counted with 10003 magnification using an Olympus BX51 microscope (Center Valley, Pennsylvania, USA) with phase contrast. Diatom taxa were identified to the species level using freshwater and coastal references (Krammer and Lange-Bertalot 1986 , 1988 , 1991a , b, Witkowski et al. 2000 . These references also provided information about salinity and habitat tolerances of individual diatom species. Diatom assemblages were divided into four zones based on an optimal partitioning algorithm implemented with the software ZONE (Lotter and Juggins 1991) .
Patterns in diatom assemblages, as well as their relation to other proxies measured in the sediments, were explored using several ordination techniques. Because detrended correspondence analysis (DCA) determined that the variation in diatom data was ,2 SD, we analyzed diatom assemblages with linear methods (Birks 1995) , such as DCA for identification of changes over time and redundancy analysis (RDA) for identification of correlations with other sedimentary proxies. Principal component analysis (PCA) was used for summarizing patterns in pollen, as the variation in these data was .2 SD (Birks 1995) . Ordinations were carried out with CANOCO software version 4.5 (ter Braak and Sˇmilauer 2002) .
Pollen analysis was completed on 16 samples from the upper 80 cm of one core from each of the two sites. Because of the high sand content in the estuary sediments, we used a pollen floatation technique developed for sandy sediments (Vandergoes 2000) . After deflocculation, samples were sieved through 125-lm Nitex mesh, and then suspended in viscous sodium polytungstate solution with a specific gravity of 2.32. Pollen and organic particles float in the polytungstate and are decanted for treatment with glacial acetic acid to dehydrate cells and remove cellulose (Faegri et al. 1989 ). Fine-grained silts and clays were removed by sieving the sample through 6-lm Nitex sieving mesh (Cwynar et al. 1979) . The remaining sediment was permanently suspended in silicon oil. At 403 magnification, a minimum of 300 arboreal and herbaceous pollen cells were counted and identified. Pollen data were plotted as relative percentage using Tilia and TGView 2.0.2 software (E. Grimm, Illinois State Museum, Research and Collections Center, Springfield, Illinois, USA).
Elemental carbon and nitrogen stable-isotope analyses were conducted on sediments from both core locations. Sediments were dried for 48 h in a convection oven and subsamples ground to a fine powder with a ball mill. C, N, 13 C, and 15 N concentrations were measured by the University of California, Davis stable isotope laboratory using continuous flow isotope-ratio mass spectrometry (IRMS, 20-20 mass spectrometer, PDZEuropa, Northwich, UK) after combusting samples at 10008C in an on-line elemental analyzer (ANCA-GSL, PDZEuropa). Total phosphorus (TP) and biogenic silica (BSi) were analyzed for both sediment cores. The laboratory methods used for determining TP and BSi in sediments are described in the standard operating procedures of the NOAA/Great Lakes Environmental Research laboratory (Johengen 1996) .
RESULTS
Chronology and sedimentation rate
The Abagadasset River core (i.e., Abby-1) that was analyzed for a sedimentary record exhibited excess 210 Pb activity from the sediment surface to a depth of 34 cm (Fig. 2) . A strong linear relationship between logtransformed excess 210 Pb activity and cumulative sediment dry mass between 0 and 34 cm depth (R 2 ¼ 0.97, P , 0.001) indicates a lack of physical and biological disturbance (e.g., Zimmerman and Canuel 2000) . The resulting 210 Pb chronology is consistent with the timing of the onset of rapid deposition of numerous trace metals and fly-ash particles in the late 19th century (P. Lea, unpublished data), which reflect increasing industrialization and technological change along the tributary rivers. The 137 Cs profile of the Abby-1 core, however, is inconsistent with the fallout history of 137 Cs, suggesting post-depositional mobility and delayed inputs of 137 Cs (Davis et al. 1984 137 Cs adsorption to organic matter (Davis et al. 1984 , Crusius and Anderson 1995 , Milan et al. 1995 . Generally, Cs is immobilized in sediments by adsorption to clay minerals at the time of deposition (Davis et al. 1984) . However, in sediments of low clay content, which is indicated by low aluminum content (,1%) in the Abby-1 sediments, 137 Cs can diffuse freely both upward and downward within the sediment column. Delayed deposition of 137 Cs occurs when sediments deposited upriver are eroded, transported downriver, and redeposited in Merrymeeting Bay at a later date than the original atmospheric fallout. Such a time delay would smear the 137 Cs signal upward in the sediment column. 210 Pb is generally less mobile in sediments, and because it derives from continuous atmospheric deposition rather than episodic fallout events, it is less affected by delayed transport of sediments from upriver. The upward mobility of 137 Cs and/or delayed deposition of sediments washing in from upriver are illustrated by the strong 137 Cs peak at the sediment surface in both of our cores, despite a decline in atmospheric fallout following the end of thermonuclear testing in 1982 (Crusius and Anderson 1995, Milan et al. 1995) . These problems with the 137 Cs record in the Abby-1 core invalidate its use as a complementary dating technique to 210 Pb for the recent sediments.
Excess 210 Pb activity was more variable at the Butler Cove site (i.e., BC-1 core) than at the Abagadasset site and indicates sediment mixing (Fig. 2) . A linear regression of log-transformed excess 210 Pb activity on cumulative sediment dry mass between 0 and 14 cm depth indicates a poor linear relationship (R 2 ¼ 0.46, P ¼ 0.067). This clear evidence of sediment mixing in the BC-1 core precludes its use as an environmental record. However, comparison with the Abby-1 210 Pb profile supports our conclusion that the Abby-1 core represents a continuous environmental record without episodes of sediment mixing (Fig. 2) . The 137 Cs profile of the BC-1 core exhibited similar post-depositional mobility, delayed inputs, and correlation with sediment organic matter as the Abby-1 137 Cs profile. We therefore based our environmental history entirely on the Abby-1 core. Its location at the head of the Sands area, which accumulates sediments delivered by both of the major rivers, provided a high sedimentation rate and more consistent depositional environment than the Butler Cove site. The overall average sedimentation rate was 0.046 cm/yr for the Abby-1 core and 0.029 cm/yr for the BC-1 core.
Pollen indicators of local land clearance, Rumex and Ambrosia, first occur at 44 cm depth in the Abby-1 core. We assigned a date of AD 1717 to this depth because several towns in the area were settled at this time (Wheeler and Wheeler 1878 , Baxter 1916 , Allen 1931 estimate the timing of the sediment color change, sediments at 52 cm and 64 cm depths to bracket a period of change in the diatom record, and basal sediments at 82 cm depth. The timing of the sediment color change was estimated to be AD 1540 (95% CI ¼ AD 1440-1640), and the period of change in diatom record between 52 cm and 64 cm depths was estimated to be AD 1170 (AD 1050-1240) and AD 1265 (AD 1230-1300; Table 1 ). A basal radiocarbon date at 82 cm indicated that the portion of the sedimentary record that is the focus of this study spanned the past 1800 6 40 years. The overall sedimentation rates were low throughout much of the core except for the period between AD 1170 and 1265 and during the 18th, 19th, and 20th centuries (Fig. 3) . The sand content ranged from ;10% throughout most of the core to 30% between 30 cm and 40 cm depth (data not shown).
Diatom record
Fossil diatom analysis distinguished four zones (I-IV) that were characterized by differences in species composition and abundance (Fig. 4) . Sediments dated between AD 230 and 1170 (Zone I) were dominated by Fragilaria subsalina (Grunow) Lange-Bertalot and F.
geocollegarum Witkowski et Lange-Bertalot with lower abundances of Achnanthes minutissima Ku¨tzing and A. delicatula aggr. (Ku¨tzing) Grunow. Between AD 1170 and 1265 (Zone II), the relative abundance of planktonic species, such as Cyclotella meneghiniana Ku¨tzing and Actinocyclus normanii (Gregory) Hustedt, increased temporarily. After AD 1265 (Zone III), diatom assemblages returned to the species composition of Zone I, except that F. geocollegarum was replaced by F. construens var. venter (Ehrenberg) Grunow, F. pulchella (Ralfs) Lange-Bertalot, and Achnanthes spp. Following local land clearance in the 18th century, diatom abundance increased above the long-term baseline, especially benthic species. Soon after AD 1900, planktonic diatoms such as C. meneghiniana, Cyclotella sp. 1, and A. normanii increased abruptly along with some benthic taxa to dominate the present assemblage (Zone IV). Also, several species tolerant of pollution and eutrophication first appeared or increased in abundance in Zone IV, including Navicula gregaria Donkin, Nitzschia palea (Ku¨tzing) W. Smith, Nitzschia tubicola Grunow, and Stephanodiscus spp., whereas F. pulchella, A. delicatula, and F. subsalina disappear from the Pb dates, the circle indicates the pollen-based settlement horizon, and squares represent radiocarbon dates. Average sedimentation rates for sediments between dated horizons are given. Sediment ages between the settlement date and the oldest 210 Pb date were estimated by interpolation using a second-order polynomial.
DÖ RTE KÖ STER ET AL.diatom assemblage. F. subsalina reappears in low abundances in the most recent samples.
The percentage of the diatom taxa characterized as freshwater species increased from 20% to 30% in Zone I to 62% in Zone II, followed by a decrease to 30% at the start of Zone III. Later in Zone III, freshwater taxa rose to a peak at 60% at depths of 24 cm and 28 cm, followed by declining relative proportions ranging between 30% and 45% in Zone IV. These changes are inversely proportional to the portion of brackish species for most of the core, except in the upper 15 cm, where species common to both freshwater and brackish water replaced some of the freshwater species.
The ordination results of the diatom data support the separation of four zones established by optimal partitioning (Fig. 5a ). Two major excursions from the baseline conditions occurred from AD 1170 to 1265 (Zone II) and from AD 1920 to the present. Analysis of diatom-environment relationships with redundancy analysis (RDA) revealed that the major source of variation (eigenvalue 0.46) in diatom assemblage was accounted for by indicators of productivity such as total phosphorus, biogenic silica, percent carbon, and diatom flux, which loaded positively, and by diatom diversity, which loaded negatively (Fig. 5b) . Variables loading on the second axis include sand content, presumed to increase with increasing land clearance, as well as with variation in flow. Pollen assemblage accounted for a significant, but lower, proportion of variation, indicated by the eigenvalue of the second axis (0.21).
Pollen record
The earliest change in pollen abundance was exhibited by Picea sp. (spruce), which began to increase above its baseline percentages between AD 1265 and 1540 (Fig.  6 ). In the 17th century, pollen of Pinus strobus (white pine), Tsuga canadensis (eastern hemlock), and Fagus grandifolia (American beech) declined in relative abundance. Coincident with these decreases in tree pollen was a decline in Poaceae pollen in the 32-38 lm size class, which we assume to be Zizanea (wild rice) because of cell size (Lee et al. 2004) , its continuous presence throughout the core, and the vigorous population of Zizanea in Merrymeeting Bay today. Pollen records representing terrestrial landscapes in Maine show little grass pollen prior to land clearance (see Russell et al. 1993) . Along with Rumex and Ambrosia, alder (Alnus sp.) and hazelnut (Corylus sp.) increase at the time of local land clearance. Pollen of the aquatic macrophyte Isoe¨tes (quillwort) also appears in the record at AD 1717, rising to a peak at AD 1880, followed by a sudden disappearance. However, this increase was not observed in the sediment core from Butler Cove, suggesting that the Isoe¨tes rise in Abby-1 was a local phenomenon. Spruce and hemlock pollen declined after AD 1900, and Zizanea pollen increased to pre-AD 1540 levels. 
Sediment chemistry
Changes in C and N content and in 13 C and 15 N isotopic composition observed between AD 1170 and 1265, and again during the 19th and 20th centuries (Fig.  7) , corresponded to diatom zone changes (Fig. 4) . Between AD 1170 and 1265, C and N percentage, organic C flux, total P flux, biogenic Si flux, and diatom abundance indicate greater primary productivity than during the time periods immediately before and after.
After AD 1540, sediment C and N percentages declined coinciding with a change to lighter colored sediments that lasted into the 20th century. Around AD 1880, organic C, total P, biogenic Si, and diatom abundance rose rapidly to their highest values in the 1800-year record. Stable isotopes also changed directionally with decreasing (Fig. 4) ; (b) redundancy analysis (RDA) plot showing that indicators of productivity (i.e., total phosphorus [TP], biogenic silica [BSi], organic C, and diatom flux) accounted for much of the variation in diatom assemblage and that indicators of land clearance accounted for a lesser proportion of the variation in diatom assemblage. polPCA1 and polPCA2 summarize the main patterns in fossil pollen data. They represent the sample scores of the samples on axes 1 and 2, respectively, on a PCA run with the fossil pollen data only.
DISCUSSION
Natural climatic variability, as well as human land use, influenced the sedimentary record of Merrymeeting Bay. Climate variability is evident in the episode of accelerated sedimentation and change in diatom abundances in the 12th and 13th centuries and in a longer period of climatic cooling coincident with the Little Ice Age (i.e., AD 1500-1900). Human land-use effects began with European settlement in the 17th or early 18th century and intensified with industrialization and municipal growth in the late 19th and 20th centuries. The diatom record showed little evidence of ecosystem recovery following implementation of environmental legislation in the 1960s and 1970s. These results are consistent with regional vegetation histories indicating broad-scale climate trends in New England (e.g., Russell et al. 1993 , Fuller et al. 1998 , Pederson et al. 2005 , historical studies documenting eutrophication in estuaries throughout the 19th and 20th centuries (Cooper and Brush 1993 , Cooper 1995 , Cooper et al. 2004 , and with biogeochemical studies quantifying rising nutrient concentrations in rivers and estuaries throughout the latter 20th century (Jaworski et al. 1997 , Cloern 2001 .
Natural climatic variability is evident in changes in sedimentation rate, diatom abundance and composition, the ratio of planktonic to benthic diatoms, and the pollen record. Between AD 1170 and 1265, sedimentation increased above background levels, and the abundances of several diatom taxa varied from previous centuries. An increase in the ratio of planktonic to benthic diatoms indicates increased turbidity associated with greater sediment influx and algal productivity (Cooper and Brush 1993) . Pederson et al. (2005) interpret a similar episode of increased sedimentation in a Hudson River salt marsh, as indicative of regional drought during the Medieval Warm Period. Drought may increase tree mortality and fire frequency, leading to increased erosion and sedimentation. Between AD 1265 and 1540, spruce pollen increased from low relative percentages to amounts exceeding 10% of total tree pollen. Similar increases in the relative percentage of spruce pollen have been related to lower temperatures and higher precipitation in northeastern North America (Russell et al. 1993 , Schauffler and Jacobsen 2002 , Lindbladh et al. 2003 . Also at this time, Zizanea pollen declined in relative abundance suggesting a shorter icefree growing season that reduced the establishment and growth of this annual grass on the intertidal mudflats.
The section of lighter colored sediments between 20 cm and 48 cm depths is related to greater inputs of mineral sediments relative to organic matter than in sediments above and below. The 95% confidence interval of the radiocarbon estimate of the timing of this change ranged from AD 1440 to 1640, suggesting that the initial increase in sedimentation was either associated with land-use changes very early in the Colonial Era or with natural climate variability that destroyed vegetation and promoted erosion. English families began settling along the tidal Androscoggin and Kennebec rivers in the 1650s (Churchill 2001) ; however, there were few settlers before 1640. Alternatively, a cooler climate associated with the Little Ice Age may have increased the duration of winter ice cover, thereby decreasing vegetative growth and in situ organic matter production on the intertidal flats, resulting in the observed change in sediment color.
Colonial impacts on the landscape are unambiguous at 44 cm depth, where pollen indicators of land clearance first appear, sedimentation accelerates, and diatom productivity increases. Several studies have implicated land clearance and agriculture as the underlying causes of increased sedimentation in estuaries (e.g., Brush 1989 , Neubauer et al. 2002 , Cooper et al. 2004 ), although accelerated sea-level rise along the Maine coast beginning around AD 1800 may also have contributed to increased sedimentation rates (Gehrels et al. 2002) . Local historians reported that land-use changes along the lower Androscoggin and other rivers resulted in the filling in of Merrymeeting Bay with sand during the 18th century (McKeen 1853) . Whereas the largest ships of the 17th century could navigate through Merrymeeting Bay and up the lower Androscoggin River to the falls at Brunswick, ships had to unload a part of their cargo at Merrymeeting Bay by the mid-19th century before proceeding up the Androscoggin because of the shallowness of its channel (Wheeler and Wheeler 1878) . By AD 1800, benthic diatom productivity increased markedly along with a relative increase in the proportion of freshwater diatom taxa. Increased nutrient inputs and run-off from cleared land probably triggered these early changes in diatom composition (e.g., Cooper 1995) .
A larger and more abrupt change in diatom assemblage and sediment chemistry occurred at the end of the 19th century corresponding with population growth and accelerating industrial activity within the watershed (Babcock et al. 1995) . Benthic diatoms indicative of polluted waters (e.g., Navicula gregaria and Nitzschia palea) became abundant, as did planktonic species often dominant in eutrophic waters (e.g., Cyclotella meneghiniana and Actinocyclus normanii). The productivity of benthic taxa declined temporarily between AD 1900 and 1940, probably because of increased turbidity associated with pulp-mill effluents and frequent blooms of bluegreen algae (Walker 1931 , Maine Department of Environmental Protection 1979 . Planktonic diatoms increased in both relative and absolute abundance throughout the 20th century, suggesting that nutrient loading has continued without reduction. C flux to sediments supports the evidence of eutrophication in the diatom record. High organic content beginning in the mid-19th century and lasting throughout the 20th century indicates high primary productivity and probably increasing inputs of organic matter from industry and growing municipalities (Lichter et al. 2006) . Although decomposition is likely to reduce the C content of the very recent sediments, the late 20th century produced the highest quantities of organic C throughout the sedimentary record. Since the mid-19th century, d 15 N has undergone an oscillating increase, while d 13 C has declined by ;1.5ø. Increasing d
15 N values are consistent with high productivity (Bratton et al. 2003) as well as wastewater input (Hodell and Schelske 1998) . Declines in d 13 C in recent sediments of Chesapeake Bay have been interpreted as increases in terrestrial relative to marine sources of organic C associated with wetter climates (Bratton et al. 2003) . However, the decline in C:N ratio of organic matter in the Merrymeeting Bay sediments indicates that algal productivity increased relative to terrestrial C inputs during the last century, which is supported by increases in diatom flux, total P, and biogenic Si. It is possible that the decline in sediment d 13 C resulted from a decrease in d
13
C of atmospheric CO 2 . The timing of the shift in the upper sediments is consistent with a decline in atmospheric d 13 C attributed to fossil fuel burning (Francey et al. 1999) .
The evidence of eutrophication in Merrymeeting Bay conforms with historical studies of Chesapeake Bay (Cooper and Brush 1993, Zimmerman and Canuel 2002) , New Bedford Harbor (Chmura et al. 2004) , and of the Pamlico and Neuse estuaries (Cooper et al. 2004) . Like these studies, indicators of eutrophication showed little evidence of ecosystem recovery following the Clean Water Act. Benthic diatom productivity increased after a period of low abundance between AD 1900 and 1970, suggesting that primary wastewater treatment improved water clarity. However, high sedimentation rate, high diatom productivity, high planktonic to benthic diatom ratio, and high levels of organic C, total P, and biogenic Si indicate that the ecosystem is more eutrophic than its long-term baseline conditions. The primary sources of N in coastal Maine are atmospheric deposition and municipal wastewater facilities (Roman et al. 2000) , whereas the primary sources of P are emissions from paper mills (McCubbin Consultants 2003) . It is also possible that P is recycled from sediments (Coelho et al. 2004) . Fertilization experiments indicate that both N and P limit phytoplankton productivity within Merrymeeting Bay (Lichter, unpublished data) , and P emissions from paper mills have been implicated as causes of upriver algal blooms (McCubbin Consultants 2003) .
Implications for management and restoration
The accelerated sedimentation and cultural eutrophication that characterized the last two centuries of Merrymeeting Bay history had important consequences for the ecosystem. In addition to algal blooms, oxygen depletion, fish kill, and loss of biodiversity, increased turbidity is likely to have reduced the abundance of submerged aquatic vegetation (SAV) and consequently, altered the benthic food web. Aerial photographs show that SAV in Merrymeeting Bay currently inhabits ,5% of shallows ,3 m deep at low tide. Reductions in SAV have been attributed to increased turbidity associated with eutrophication and high sedimentation in the Hudson River estuary (Nieder et al. 2004) , Chesapeake Bay (Orth and Moore 1984 , Stevenson et al. 1993 , Orth et al. 2002 , the Potomac River (Carter and Rybicki 1986) , and Waquoit Bay (Short and Burdick 1996) . SAV provides vital habitat and food for invertebrates and fish (Menzie 1980 , Catling et al. 1994 , Fluharty 2000 , food for waterfowl (Noordhuis et al. 2002) , and beneficial ecosystem effects such as nutrient uptake, oxygen generation, and sediment stabilization (Barko et al. 1991, Carter and Rybicki 1991) . As such, the loss of SAV may hinder efforts to restore populations of native anadromous fish such as American shad and striped bass because of the lack of nursery habitat and forage for juvenile fish.
Although the extent to which turbidity associated with ongoing nutrient loading interferes with the recovery of SAV in Merrymeeting Bay is unclear, the diatom record indicates that current nutrient inputs plus potential recycling of P from sediments are sufficient to maintain the high diatom productivity and altered community composition that characterized the era of raw pollution during the mid-20th century. This is somewhat enigmatic because region-wide analyses of nutrient-loading rates in New England estuaries indicate that the Kennebec estuary is one of the least impacted by nonpoint nutrient sources because the watersheds of the Androscoggin and Kennebec rivers are largely forested with little agriculture and few urban areas (Boyer et al. 2002) . It is likely that prehistoric nutrient inputs and productivity were extremely low in the undisturbed watershed (Nixon 1997) . Consequently, even the relatively low levels of anthropogenic nutrient inputs into the Androscoggin and Kennebec rivers may be sufficient to maintain the altered community composition and elevated productivity observed in the diatom record of Merrymeeting Bay.
Much research would be needed to evaluate the effects of ongoing nutrient loading on the water clarity of Merrymeeting Bay. There are particular areas within Merrymeeting Bay and its small tributaries that are characterized by excessive turbidity. In addition to high algal productivity, turbidity may result from the activity of introduced benthivorous fish such as carp (Cyprinus carpio; Zambrano et al. 2001) as well as tidal resuspension of sediments. However, should it be determined that algal productivity strongly influences water turbidity, nutrient inputs to Merrymeeting Bay and its tributaries would have to be reduced. While primary and secondary wastewater treatments effectively eliminate organic matter, tertiary treatment is required to remove significant percentages of the nutrients in municipal wastewaters. Much of the P emitted by paper mills on the Androscoggin could also be eliminated as technology is available that would reduce P discharges by as much as 65% (McCubbin Consultants 2003) . While it is true that environmental regulation can be costly, the opportunity cost of continuing to pollute rivers and estuaries should be considered in making management decisions. Because the paper industry constitutes an important source of economic activity in Maine and provides relatively high-paying jobs that are essential in rural areas, it wields considerable influence in the politics of environmental management. However, tourism, recreation, and shellfish fisheries are also vital components of the Maine economy, and all would benefit from sustained recovery of coastal ecosystems.
A shifting baseline may contribute to the political difficulty of legislating more stringent regulation of nutrient pollution. Public and institutional memory does not extend back in time far enough to recognize the potential for ecosystem recovery, only far enough to recognize the substantial improvement since the time when Merrymeeting Bay and its tributary rivers were described as open sewers. Public debate continues to focus on whether or not industry and municipalities meet the minimum standards, rather than what this unusual and important river-estuary complex could be and how to best manage it to achieve long-term restoration goals. Environmental history can inform debate about ecosystem management in light of economic tradeoffs by documenting the long-term baseline of the ecosystem, and thereby illustrate the upper limit of the potential for ecosystem recovery.
